Purpose: To assess the ability of frequency-doubling technology (FDT) perimetry and short-wavelength automated perimetry (SWAP) to detect glaucomatous damage in preperimetric glaucoma subjects.
Glaucoma is a major cause of blindness worldwide and affects an estimated 67 million people, but approximately half of those are unaware that they have the disease. 5 Early diagnosis is key to treating the disease at an early stage to stop or delay the progression of VF loss.
Standard automated perimetry (SAP), which is not selective for a particular ganglion cell type, detects glaucomatous VF defects when the disease is clinically advanced, and therefore glaucoma often remains undetected and untreated for a long time. New psychophysic tests, such as short-wavelength automated perimetry (SWAP) and frequency-doubling technology perimetry (FDT), which attempt to isolate specific ganglion cell subpopulations are superior to SAP for the early detection of VF loss associated with glaucoma. [6] [7] [8] [9] [10] [11] [12] On the basis of the studies comparing the results of VF tests developed to evaluate certain retinal ganglion cells population, 3 alternative theories of glaucomainduced ganglion cell damage have been proposed 13 : (1) glaucoma damage is selective for larger diameter retinal ganglion cell axons at earlier stages of the disease. 14 (2) All optic nerve fibers are damaged in glaucoma. Tests that are targeted to one specific visual pathway do not account for the ability of the visual system to use other pathways to compensate for the damaged ganglion cell type being tested. 15, 16 (3) Not all eyes are affected in the same way. Magnocellular ganglion cell (MC) function might be reduced first in one subject, whereas blue-yellow ganglion cell function might be altered first in another. 17 SWAP detects functional abnormalities by testing short-wavelength sensitive mechanisms of ganglion cells that are particularly susceptible to glaucomatous damage at early stages of the disease. 15, [18] [19] [20] [21] [22] [23] SWAP uses the same perimeter as SAP and similar tests, but is modified to use a 440 nm narrow-band stimulus (blue), 1.8-degree visual angle target with a 200 ms duration on a bright 100 cd/m 2 yellow background to preferentially activate short-wavelength cones and small bistratified blue-yellow ganglion cells. SWAP has several limitations due mainly to transmission loss as a result of lens yellowing and forward light scattering by media opacities. [24] [25] [26] SWAP exhibits a lower dynamic range (maximum threshold) than SAP, and is therefore not suitable for testing for advanced functional loss. 27 In addition, SWAP has higher test-retest variability than SAP, and consequently is less sensitive for detecting VF loss progression. 28 FDT is a method for assessing threshold contrast on the basis of the frequency-doubling illusion, described by Kelly 29 : when a sinusoidal grating of low spatial frequency (0.25 cycles/deg) is counterphased with a high temporal frequency (>15 Hz), it is perceived to be twice its original spatial frequency. The illusion is proposed to arise from a spatially nonlinear MC subpopulation 30, 31 called My-cells that represents 2% of the total ganglion cells and 10% to 15% of MC. [32] [33] [34] [35] The degree of isolation of a particular ganglion cell type with FDT, however, is unknown and this must taken into account when analyzing the perimetry data. White et al 36 recently reported that there is no evidence of a separate nonlinear MC class (My-cells) in the primate visual system. They suggested that a cortical loss of temporal phase discrimination is the principal cause of the illusion, and proposed that the mechanisms underlying the illusion resemble those underlying the detection of full-field flicker, which appears to be accomplished through the MC pathway. Thus, FDT is most likely a probe of contrast sensitivity of the MC pathway. The clinical implementation of FDT only requires patients to respond to the presence of the target. It does not depend on whether the stimulus is perceived as doubled, but simply measures detection thresholds. FDT is a faster test, more easily performed by the patients, less susceptible to aging ocular media, and has lower test-retest variability than SWAP. [24] [25] [26] [27] [28] Several factors threaten the internal and external validity of a study of diagnostic accuracy, a fact that inspired the launch of the Standards for Reporting of Diagnostic Accuracy (STARD) initiative. 37 The objective of the STARD initiative is to improve the quality of the reporting of studies of diagnostic accuracy. The design of the present study followed all 25 items of the STARD guidelines. 37 Several studies [6] [7] [8] [9] [10] [11] [12] have assessed the ability of FDT and SWAP to detect glaucomatous VF defects, even at early stages of the disease. To our knowledge, however, none of the studies evaluated the diagnostic value of these perimetries in preperimetric glaucoma patients, defined by the presence of glaucomatous structural damage measured with objective instruments.
MATERIAL AND METHODS

Participants
A total of 294 eyes of 294 consecutive subjects were prospectively preenrolled from September 2004 to March 2005 from our Department of Ophthalmology and 2 outpatient clinics under the area of influence of our hospital. Three subjects did not provide informed consent; 5 were unavailable and did not complete all the required tests; and at least 1 of the tests included in the study's protocol could not be performed in 8 cases. Finally, 278 eyes of 278 consecutive white patients that met the inclusion criteria were included in the statistical analysis. If both eyes fulfilled the inclusion criteria, only 1 eye was randomly chosen for the study. Informed consent was obtained from all participating subjects, and the study followed the guidelines of the Declaration of Helsinki.
Inclusion and Exclusion Criteria
The subjects included in the study had to meet the following criteria: best-corrected visual acuity better than 20/30; refractive errors of less than 3 spherical diopters and 2 diopters of cylinder; transparent ocular media (nuclear color/opalescence, cortical, or posterior subcapsular lens opacity <1) according to the Lens Opacities Classification System (LOCS) III system, 38 and open anterior chamber angle. Subjects were excluded if they had previous ocular surgery, diabetes or other systemic disease, history of ocular or neurologic disease, current use of a medication that affects VF sensitivity, or history of congenital color vision defects.
All participants underwent full ophthalmologic examination [clinical history, visual acuity, biomicroscopy of the anterior segment with slit-lamp, gonioscopy, applanation tonometry, central corneal ultrasonic pachymetry (DGH Technology, model DGH 500), and ophthalmoscopy of the posterior segment], simultaneous stereophotographs of the optic disc, and at least 2 reliable SAPs, a reliable FDT, and a reliable SWAP. All subjects completed a structural analysis of the optic nerve head performed using the Heidelberg Retina Tomograph II (HRT II) and an RNFL study performed with the GDx VCC (variable corneal compensator) scanning laser polarimeter, and with the Optical Coherence Tomography (OCT; Zeiss Stratus OCT 3000).
The subjects completed the perimetry measurements before any structural test, and each perimetry test was performed at least 3 days apart to avoid a fatigue effect. Functional tests were completed in a particular order. First, at least 2 SAPs were performed until a reliable one was obtained as defined below, to reduce the learning effect. Then, FDT and SWAP were performed in random order, and if a reliable perimetry was not obtained, the test was repeated. All the ophthalmic explorations, perimetry tests, and structural tests were performed within 6 weeks from the subject's date of enrollment into the study. The minimum interval between functional tests was 3 days (median 8, range 3 to 17 d for SAP; median 6, range 3 to 13 d for FDT; and median 6, range 3 to 14 d for SWAP).
Instrumentation and Perimetric Devices
The white-on-white standard perimetry tests were performed with the Humphrey Field Analyzer model 745, (Zeiss Humphrey Systems, Dublin, Ca), using the fullthreshold 24-2 program. Near addition was added to the subject's refractive correction. If fixation losses were more than 20% or false positive or false negative rates were more than 33% (rates of reliability fixed by the perimeter software), the test was repeated. The second reliable perimetry measurement obtained was used for the study to minimize the influence of a learning effect. [39] [40] [41] [42] [43] [44] [45] Abnormal SAP was defined by the presence of a cluster of 3 points lower than P<5% or a cluster of 2 points lower than P<1% on a pattern deviation plot, 46 or corrected pattern standard deviation (CPSD) with P<5% or Glaucoma Hemifield Test outside normal limits.
FDT was performed under low ambient light using a frequency-doubling perimeter (Welch Allyn, Skaneateles, NY; and Humphrey Systems, Dublin, CA). The full-threshold C-20 strategy was used and perimetric data were analyzed using Windows ViewFinder 1.0 software. Trial lenses and patches were not applied, but subjects wore their own corrective lenses. Criteria for a reliable test were no more than 1/6 fixation losses (16%), no more than 1/6 false responses (16%), and no more than 1/3 false negative responses (33%); otherwise the VF tests were repeated. Glaucomatous damage in FDT was defined as the presence of at least 5 points lower than P<5%, 2 points lower than P<2%, or 1 point lower than P<1% on the pattern deviation plot. The abnormal locations could be anywhere within the FDT field. 47, 48 SWAP was performed after adaptation to the bright yellow background by using the Humphrey Field Analyzer model 745 and the full-threshold 24-2 program. The same reliability criteria of SAP were used; otherwise the perimetry test was repeated. Glaucomatous abnormalities in SWAP were defined by the presence of a cluster of 4 points lower than P<5%, a cluster of 3 points lower than P<1% on pattern deviation plot, 49 or pattern standard deviation (PSD) with P<2%.
Topographic analysis of the optic nerve head was performed with an HRT II (Heidelberg Engineering, Heidelberg, Germany). The confocal scanning laser ophthalmoscope HRT II provides topographic measures of the optic nerve head derived from 16 to 64 optical sections at consecutive focal planes to a depth of 4 mm, depending on the longitudinal field of view. 50 After keratometric readings were taken, 1 topographic image of the studied eye was obtained through a dilated pupil and analyzed using the Heidelberg Eye Explorer software (v. 1.3.0.0). The result of this examination displayed a color topographic image. The optic disc margin was traced by the same glaucoma specialist (while viewing stereophotographs using a stereoscopic viewer), defining the area inside the peripapillary scleral ring with at least a 4-point contour line to show the stereometric parameters (including 2 discriminant functions: FSM 51 and RB) and the Moorfields regression analysis classification. 52 The scanning laser polarimeter GDx VCC (Laser Diagnostic Technology, San Diego, CA) was equipped with a VCC, allowing eye-specific compensation of the birefringent effect of the anterior segment (cornea and lens). This instrument measures retardation of light that has double-passed the birefringent fibers of the RNFL. Retardation correlates well with RNFL thickness. [53] [54] [55] [56] The GDx VCC software calculates RNFL parameters on the basis of quadrants, except for the nerve fiber indicator (NFI), which is the result of analysis by an advanced neural network that studies several RNFL measures and assigns a number from 0 to 100 to each eye, where 0 is normal and 100 indicates glaucoma. The GDx VCC parameters investigated in this study were: NFI, temporal-superior-nasal-inferior-temporal (TSNIT) average, superior average, inferior average, TSNIT standard deviation, superior ratio, inferior ratio, superior/nasal, maximum modulation, superior maximum, inferior maximum, image average, ellipse modulation, superior normalized area, inferior normalized area, temporal/nasal, inferior/nasal, total integral, superior integral, inferior integral, temporal average, and nasal average. The TSNIT parameters (TSNIT average, superior average, inferior average, and TSNIT standard deviation) are summary measures on the basis of RNFL thickness values within the calculation circle. They are automatically compared with an internal database of age-matched and race-matched normal individuals, and quantified in terms of probability of normality. In the GDx VCC printout, each color represents a different probability level of being outside normal limits: from dark blue (P<0.05) and light blue (P<0.02), to yellow (P<0.01) and red (P<0.005). The NFI parameter is not colorcoded on the basis of probability, but is based on an absolute scale. The diagnostic classification of the NFI was determined from the normal distribution of the NFI from the database. The 95th percentile was used as the cut-off for classifying the RNFL either within normal limits (0 to 30) or borderline (31 to 50); the 99th percentile was 48. The NFI is the most accurate parameter for detecting glaucoma. 55, 56 At least one scan of acceptable quality (greater than 7) was obtained for each eye of our study, and the placement of the optic disc margin was revised by a trained ophthalmologist when the GDx VCC software placed it incorrectly (2.51%, 7/278).
The Zeiss Stratus OCT 3000 (Zeiss Humphrey Systems, Dublin, Ca), was used to assess peripapillary RNFL thickness. The OCT employs the principles of lowcoherence interferometry and is analogous to ultrasound B-mode imaging, but it uses light instead of sound to acquire high-resolution images with a 10 mm scale. 57 The resulting image consists of RNFL thickness measurements at 256 points along a 360-degree circular ring around the optic nerve head. RNFL thickness was defined as the number of pixels between the anterior and posterior edges of the RNFL. The fast RNFL algorithm was used to acquire RNFL measurements with the OCT. Three circular 3.4-mm diameter scans of acceptable quality and centered on the optic disc were obtained from each subject and a baseline image was automatically created using the Stratus OCT software. The OCT parameters evaluated in this study were: thickness for each of the 12 clock-hour positions, temporal quadrant thickness, superior quadrant thickness, nasal quadrant thickness, inferior quadrant thickness, RNFL average, RNFL thickness, Imax/Smax, Smax/Imax, Smax/Tavg, Imax/Tavg, Smax/Navg, MaxMin, Smax, Imax, Savg, Iavg, and average thickness. For each parameter, the OCT software provides a classification on the basis of comparisons with an internal agematched normative database: a borderline result indicates that the value is between the 1% and 5% percentile and is colored yellow; the thinnest 1% of measurements is colored red and is considered outside normal limits; from the fifth to the 95th percentile the values are displayed in green and the thickest 5% measurements are colored white.
Classification in Groups
The normal group comprised 98 eyes of 98 subjects. The mean age was 59.47 ± 9.29 years. Normal eyes had an intraocular pressure (IOP) lower than 20 mm Hg and no history of increased IOP, normal optic disc (no glaucomatous optic disc morphology, defined below), and normal SAP (the second reliable SAP had to be normal). This group of subjects was selected from patients referred for refraction that underwent routine examination without abnormal ocular findings, hospital staff, and relatives of patients in our hospital.
The glaucoma group comprised 71 eyes of 71 patients: 56 with primary open-angle glaucoma, 10 with pseudoexfoliative glaucoma, and 5 pigmentary glaucoma. The mean age was 63.18 ± 9.37 years. There was no significant difference (P<0.05) between the mean age of the normal and glaucoma groups. Glaucomatous eyes had abnormal SAP profiles and the following conditions: IOP above 21 mm Hg (on at least 3 readings on different days) and optic disc appearance compatible with glaucoma (glaucomatous damage was suspected by focal or diffuse neuroretinal rim thinning with concentric enlargement of the optic cup, localized notching, or both). 58 The preperimetric glaucoma group included 109 eyes defined by normal SAP and at least 1 of the following conditions:
RNFL defects compatible with glaucoma, detected with the GDx VCC. RNFL defects compatible with glaucoma, detected with the Stratus OCT 3000.
Optic disc compatible with glaucoma in the HRT II topography. Stereophotographs of the optic nerve head evaluated by a trained ophthalmologist compatible with glaucoma (criteria for suspected glaucomatous damage were the same as those described for the glaucoma group). The optic disc morphology was defined by the slitlamp findings (double aspheric Volk 78 diopters lens) in the 3 groups.
Statistical Analysis
To evaluate the intertest variability components for SAP, FDT, and SWAP, the mean and standard deviation of the differences (expressed as absolute values) between the main indices of the first and second perimetry for each test were calculated. To define the optic nerve head topography, the GDx VCC scanning laser polarimetry or the OCT as compatible with glaucoma, receiver operating characteristic (ROC) curves were plotted for each parameter and instrument included in the study. Only normal and glaucomatous subjects (169 eyes) underwent the ROC analysis. ROC curves were used to obtain the ability of each parameter to differentiate glaucomatous eyes from healthy eyes. The ROC curve shows the tradeoff between sensitivity and 1 À specificity (false positive rate). An area under the ROC curve (AUC) of 1.0 represents perfect discrimination, whereas an AUC of 0.5 represents chance discrimination. Sensitivities with 85% and 95% (5% false positive rate) fixed specificities were calculated for HRT, OCT, and GDx VCC. The parameters with the larger AUC (best sensitivity-specificity balance) for each test were used to establish structural damage in the preperimetric glaucoma group. Limits between normality and disease were defined by ROC curve results or by the internal normative database of the instrument (P<0.01). Differences between the ROC curves were tested to compare AUCs using the HanleyMcNeil method. 59 The sensitivity of FDT and SWAP to detect glaucomatous damage in the preperimetric group was calculated in the different subgroups depending on the instrument used in the study. When an FDT or a SWAP was abnormal in any preperimetric glaucoma subgroup, the test was repeated to confirm a consistent VF defect (depressed points in similar areas) and to avoid abnormal results due to fluctuation. When the second FDT or SWAP was abnormal, the perimetry was considered to be abnormal. If only the first test was abnormal, the VF test was judged to be normal.
The positive likelihood ratio (LR) is the ratio between the probability of a positive test result given the presence of the disease and the probability of a positive test result given the absence of the disease [sensitivity/(1 À specificity) or true positive rate/false positive rate]. The LR for a given test result indicates how much that result increases or decreases the probability of disease. When the LR value equals 1, the test provides no additional information, but ratios higher or lower than 1 indicate an increased or decreased likelihood ]. An LR close to 1 is associated with insignificant effects, whereas an LR higher than 10 or lower than 0.1 is associated with large effects on posttest probability. All statistical analyses were performed by using SPSS (version 11.01; SPSS Inc, Chicago, IL) and MedCalc (version 8.0.1.0; MedCalc Software, Belgium) statistical software. Table 1 presents the clinical characteristics of the study population. The results of the quantitative parameters were compared among the study groups using analysis of variance. Optic disc size was similar for the 3 groups. SAP mean deviation (MD), SAP GPSD, FDT MD, FDT PSD, SWAP MD, and SWAP PSD differed significantly (P<0.05) between the glaucoma group and the other 2 groups (normal and preperimetric), but not between the normal and preperimetric groups. There were significant differences in the cup/disc ratio (evaluated in stereophotographs) and in IOP among the 3 groups. Age and central corneal thickness were not significantly different among the study groups. Table 2 shows the intertest variability. There were no significant differences in the variability among diagnostic groups for each index and psychophysical test. The VF indices of the SAP and FDT fluctuated similarly, but the intertest variability of the main indices differed significantly between SAP and SWAP, and between FDT and SWAP.
RESULTS
The false positive rates were 1.02% for FDT and 2.04% for SWAP and false negative rates were 21.12% for FDT and 7.04% for SWAP. In the normal (n = 98) and glaucoma eyes (n = 71), sensitivity and specificity were 78.87% and 98.97% for FDT, and 92.95% and 97.95% for SWAP, respectively. Positive predictive values were 98.24% for FDT and 97.05% for SWAP. Positive LRs were 77.32 for FDT and 45.56 for SWAP, whereas negative LRs were 0.21 and 0.071, respectively. Table 3 shows the AUCs for all global topographic parameters included in the HRT II software. The greatest AUC was obtained with the FSM discriminant function, 51 cup/disc area ratio, and rim disc area ratio, with areas of 0.914, 0.906, and 0.906, respectively (P<0.001). Therefore, FSM was selected as the best structural damage parameter for this device. FSM showed the best balance of sensitivity and specificity with values of 0.0745: 81.7% and 93.8%, respectively. Figure 1 shows ROC curve for the FSM parameter. An FSM value of less than À 1.0 was defined as compatible with glaucoma in our study, but 4 different FSM cut-off values ( À 1.0, À 2.0, À 3.0, and À 4.0) were selected to test the accuracy of FDT and SWAP at different levels of structural damage.
The Moorfields regression analysis was not included in the ROC analysis because is not a continuous variable, but was also included as a structural damage criterion because it is one of the main outcome measurements of the HRT software. The Moorfields regression analysis 52 is a comparison of a subject's rim area with the predicted rim area for a given disc area and age, on the basis of confidence limits of a regression analysis derived from 60 normal eyes and 93 glaucomatous eyes. The optic disc is divided into 6 color-coded sectors, and each sector is classified as normal if the measurement falls within the 95% confidence interval (colored green), borderline if the measurement is between 95% and 99% (colored yellow), and outside normal limits if the result is greater than 99% and is colored red. In our study, the strictest criterion was selected and preperimetric glaucoma eyes based on Moorfields regression was classified as outside normal limits. Table 4 shows the AUCs for the main GDx VCC parameters. NFI obtained the greatest AUC: 0.894 ANOVA results are shown in the S column (P<0.05). C/D indicates dup/disc ratio in stereophotographs; CPSD, corrected pattern standard deviation; G: significant differences with glaucoma group; IOP, basal intraocular pressure (without treatment); MD, mean deviation; N, significant differences with normal group; P, significant differences with preperimetric group; PSD, pattern standard deviation; S, statistical significant differences with; SD, standard deviation.
(P<0.001). The best balance of sensitivity/specificity for NFI was 78.9% and 88.4%, respectively, with a value of 22. Figure 1 shows the ROC curve for the NFI parameter. This parameter was chosen to define glaucomatous damage in the scanning laser polarimetry. The cut-off values between healthy and glaucomatous eyes for NFI were 31 or higher and 41 or higher, which represent the 95th and approximately 98th percentiles, respectively, from the normative database of the GDx VCC. Table 5 presents the AUCs for the different clock positions and quadrants and the RNFL thickness parameters. The greatest AUC was obtained with the average thickness parameter: 0.901 (P<0.001); the best balance for average thickness (cut-off value: 83.56) was 78.6% sensitivity and 89.4% specificity. Figure 1 shows the ROC curve for the average thickness parameter. Therefore, this parameter was selected to assess glaucomatous damage in the OCT. An OCT finding compatible with glaucoma was defined as an average thickness outside normal limits based on comparisons with the internal normative database of the instrument.
Optic nerve head evaluated by means of stereophotographs was considered compatible with glaucoma if there were any signs of glaucomatous damage, 58 such as concentric enlargement of the optic disc cup or localized notching of the optic tissue.
The parameter of the 3 structural analyses performed (HRT, GDx, and OCT), which had the best diagnostic value was the FSM discriminant function (HRT), followed by the average thickness parameter (OCT), and the NFI (GDx-VCC).
There were no significant differences between AUCs for the best parameters from the HRT II (FSM discriminant function, AUC: 0.914), GDx VCC (NFI, AUC: 0.894), and Stratus OCT (average thickness, AUC: 0.901). Table 6 shows the FDT and SWAP sensitivities and the evaluation of the agreement between these 2 techniques for each preperimetric glaucoma subgroup. Localized functional VF defects were detected using the pattern deviation plot of FDT and SWAP in a variable percentage in each preperimetric subgroup. All subjects had a previously normal SAP. There was a substantial concordance between the FDT and SWAP, and the concordance was higher when the glaucomatous damage was more evident (stricter damage criteria). There were no patterns of functional loss detected between FDT and SWAP. If one of these perimetric tests indicated VF deficits, the other one was also abnormal in at least 50% (the FDT and SWAP agreement ranged from 50% to 100%) of the cases.
DISCUSSION
The starting point of any diagnostic process is when a patient presents with a constellation of signs and symptoms. Ancillary glaucoma tests are designed to provide additional data to supplement clinical evaluation and are helpful for making diagnostic and therapeutic decisions.
There is a wide variety of preperimetric glaucoma patients with an optic disc appearance or RNFL defects compatible with glaucoma, but without functional loss in SAP with differing risk levels. Therefore, individual-based decisions are better supported with additional data that help to discriminate early glaucoma damage from ocular hypertension and normal eyes. Careful follow-up of these patients can provide information to modify the results of their basal status and to make therapeutic decisions based on the changes observed.
All the subjects included in the preperimetric glaucoma group had normal SAP and signs of structural glaucomatous damage. Central corneal thickness and IOP were determined in all the subjects. The IOP was higher in the preperimetric glaucoma group than in normal subjects, but IOP was not used to further stratify the patients. Glaucoma was recently defined 1 as an optic nerve head neuropathy, and elevated IOP is not included in this definition. Increased IOP is considered only as a risk factor for developing glaucoma, and we selected patients suspected of having glaucoma and not ocular hypertensive subjects.
Cup/disc ratio evaluation with stereophotographs might be influenced by the disc area dimensions: when the disc area is larger, the cup size might appear greater. The optic nerve head can be more accurately examined in cases with a large vertical cup/disc ratio, and fortunately this ratio is one of the most reliable predictors for detecting early glaucoma. 60 In our study, the disc areas measured with the HRT were similar among the 3 groups, and it is important to reduce differences in the optic nerve head analysis using stereophotographs, and even with the HRT II, because several HRT parameters, such as rim area, cup area, rim volume, etc, are directly related to disc size. 51, 61 The quality of the data obtained by the imaging devices is influenced by the media opacity, retinal pigment epithelium status, instrument variability, and positioning and centering of the images. These limitations must be taken into account in clinical practice. In this study, to minimize the effects of these variables, the inclusion and exclusion criteria were very strict, which should improve the quality of the functional and structural tests.
The Humphrey Full Threshold algorithms for SAP and SWAP are very similar 4 to 2 dB staircase procedures. The FDT C-20 program, however, uses a Method of Binary Search procedure, 62 which is a fundamentally different thresholding approach compared with the Sensitivities at fixed specificities of 85% and 95% are also shown. 66, 67 could also be used with similar results and shorter performance times.
The long-term fluctuations observed in FDT and SWAP were similar to those reported in the literature [41] [42] [43] [44] [45] ; SWAP exhibits greater long-term fluctuations than SAP, but not FDT. The results of our variability tests were not as strong as other published evaluations of variability, because the main focus of our study was not on the variability of these tests. Consequently, we only compared the main indices between 2 perimetry measurements performed on different days. The variability of psychophysical tests, however, should be taken into account for the clinical interpretation of the results.
In our study, the control group and most of the preperimetric glaucoma subjects had no previous VF testing experience, although most of the glaucoma patients had undergone SAP tests. All participants underwent at least 2 reliable SAPs to minimize the influence of the learning effect. FDT and SWAP were only performed in the preperimetric glaucoma group. All of the preperimetric glaucoma subjects had prior perimetric experience with SAP. Preperimetric glaucoma patients did not need to undergo a second round of FDT and SWAP when the results from the first round were normal, because training is expected to influence the results in the direction of improvement. In this group, when FDT or SWAP met the perimetric criteria of abnormality, the tests were repeated to confirm a consistent VF loss and minimize the learning effect. If these perimetric measurements are performed in a population without perimetric experience, their diagnostic accuracy is increased when the test is repeated. [68] [69] [70] VF defects with FDT and SWAP in patients exhibiting normal SAPs should be checked by repeating the test, to ensure that the result is not due to inexperience.
HRT II, GDx VCC, and OCT are easy to perform, do not usually require mydriasis (depending on pupil size), and produce quantitative data. The software for these devices includes options for sequential analysis, but the criteria for abnormality using the sequential analysis are not yet established. The inclusion of normative databases in the instruments offers an initial approach for diagnosis, but the reference populations of these databases are different from the subjects that are studied in clinical practice.
Our aim was not to compare the results obtained with the HRT II, GDx VCC, and Stratus OCT, but it is interesting to evaluate what other authors have reported. Previous studies provide comparisons derived from measures obtained using older versions of these technologies, but in a recent paper, Medeiros et al 56 also compared the diagnostic accuracies for glaucoma of the current commercially available version of each one of these instruments, reporting ROC curves and other measures. Their results are very similar to ours for the GDx and OCT (AUC, and sensitivities at fixed 95% specificity). They observed the same best parameters for these devices as those found in our study: NFI (AUC: 0.91) and inferior normalized area (AUC: 0.86) for the GDx; and inferior thickness (AUC: 0.92) and average thickness (AUC: 0.91) for the OCT. The AUCs, sensitivities, and specificities for each HRT parameter, however, are slightly higher in our study. They reported that the three HRT II parameters with the largest AUCs were the Bathija function 61 (AUC: 0.86), the Mickelberg function 51 (AUC: 0.83), and the vertical cup/disc ratio (AUC: 0.83), and we found similar results: the best HRT parameters were FSM (AUC: 0.914), cup/disc area ratio (AUC: 0.906), and the vertical cup/disc area ratio (AUC: 0.901). The RB discriminant function provided by the HRT export software is from Reinhardt Burk, not from Renuka Bathija, and therefore we did not use the formula provided by Bathija.
FDT and SWAP are thought to detect VF losses at early stages of glaucoma disease. [6] [7] [8] [9] [10] [11] [12] In our preperimetric glaucoma group, both perimetric measurements showed glaucomatous defects in at least 1/3 of the subjects. The higher the probability of glaucomatous structural damage (more negative the FSM or more increased the NFI), the greater the sensitivity of FDT and SWAP to detect VF defects. The abnormality criteria of FDT and SWAP selected for this study were conservative. They were defined from the published results of previous studies performed in our hospital. [47] [48] [49] These studies propose different diagnostic criteria for a number of altered points at different levels of probability. These criteria showed the best sensitivity and specificity balance, but are not the most sensitive to glaucoma damage. Recently, longitudinal studies 7, 71, 72 (at least 3-y follow-up) showed that the effect of rate of development of VF loss on SAP is significantly greater for those with abnormal SWAP and abnormal FDT findings than for those with normal SWAP and FDT findings.
The low false positive rates for FDT (1.02%) and SWAP (2.04%) in the normal group provide an idea of the false positives of the tests when they are applied to the preperimetric glaucoma population. SWAP has higher test-retest variability than FDT, [41] [42] [43] [44] [45] thus 2 abnormal SWAP test results would not necessarily indicate damage because it is possible to get the same error twice. It is not likely, however, that the same error would occur repeatedly, especially when the subjects have previous perimetric experience (at least 2 reliable SAP test results). Moreover, when FDT and SWAP results are evaluated together, the diagnostic certainty is increased. Table 6 shows a 12% to 100% ability of FDT and SWAP to detect functional losses in preperimetric glaucomas, and this is the sensitivity that results from combining both perimetry outcomes.
Each perimetry gives independent information about the VF, because these techniques represent 2 ways of assessing visual function (testing different cell populations). 15, [18] [19] [20] [21] [22] [23] [30] [31] [32] [33] [34] [35] [36] In our study, we could not identify similar patterns of loss or any systematic difference in the patterns of functional loss in those patients with both FDT and SWAP deficits ( Table 6 ). The abnormality criteria used for each perimetry might have influenced this result. The abnormal locations for FDT could be anywhere within the FDT field, 47, 48 whereas abnormal SWAP was defined by clusters of depressed points. 49 Although FDT and SWAP give uncorrelated answers, both can be well correlated with glaucoma because they reveal different perimetric patterns of damage.
FDT obtained a higher false negative rate than SWAP because we used SAP as the gold standard for perimetry and the mechanism for testing VF in FDT and SAP is quite different (eg, stimuli, targets,y), but not between SWAP and SAP, because better agreement between more similar techniques is expected in glaucomatous eyes.
The limitations of this study include the fact that FDT and SWAP give false positive results, although the subjects included in this study had previous perimetric experience (at least 2 reliable SAP test results) and this must be taken into consideration. [68] [69] [70] Cut-offs were defined on the basis of discrimination of patients with glaucoma (abnormal optic disc and abnormal VF) from healthy subjects. Ideally, these cut-offs would be determined in another population of preperimetric glaucoma subjects followed over time. The best cut-off points would be those that best discriminated between subjects who converted to glaucoma and those who did not. In clinical practice, however, we have to define criteria that can be applied to any subject because these structural tests allow us to classify a patient in one of these diagnostic groups.
Recently, the Humphrey Matrix perimeter (tests based on the frequency-doubling illusion with similar algorithms to SAP) was introduced in clinical practice, and future studies should be performed to determine the diagnostic ability of this new device. The Matrix perimeter does not make the original FDT perimetry obsolete because each instrument has a different purpose.
In our study, subjects with media opacities were excluded from the study, but in clinical practice these patients must also be evaluated. FDT is easy and fast to perform and less influenced by ocular media than SWAP. For example, a mild cataract does not influence the performance in FDT. 73 SWAP requires transparent media, but defects on pattern deviation plots might bypass this limitation.
Longitudinal follow-up studies will elucidate which patients with abnormal FDT and SWAP results will eventually exhibit VF losses in SAP, and also whether subjects without previous defects in FDT and SWAP will develop glaucomatous defects in SAP.
A diagnosis of certain preperimetric glaucoma can only be given to patients with a documented history of progression of glaucomatous damage to the optic disc, but who still show normal results in VF tests. Owing to the wide variations in optic disc appearance in the normal population, cross-sectional assessment of optic disc photographs might not be sufficient. The use of scanning laser devices, however, can improve the accuracy of the evaluation of the optic nerve head. Subjects with typical defects of the RNFL and normal VF are considered to have preperimetric glaucoma, and therefore glaucomatous losses on SAP could be expected to occur.
Detection of subtle changes in optic disc or initial localized VF defects might be important for therapeutic decisions, including neuroprotective therapies for treating glaucoma. FDT and SWAP might detect glaucomatous damage at early stages of the disease, before the onset of VF loss in SAP.
